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Abstract 
The surface characteristics of an aluminium alloy treated with a commercial chromate 
pretreatment have been studied by SAM, EDX and XPS.  XPS indicates that the 
chromium is present in the conversion coating as both Cr(III) and Cr(VI) species, and 
that other components are  present at the conversion coating surface, some in a 
reduced form.  The deposition of the chromate layer is compromised by the presence 
of the intermetallics in the alloy.  The layer is cracked at the micrometre scale, 
presumably as a result of drying on removal from the bath.   Failure of chromate 
treated aluminium bonded in lap shear configuration using a structural epoxy paste is 
shown to be cohesive in the adhesive but very close to the conversion 
coating/adhesive interface but alternating from on side of the glue line to the other. 
 
1. INTRODUCTION 
 
Adhesives are widely used in spacecraft, particularly  in the  bonding of dissimilar materials 
which are not amenable to joining in other ways. They must have high strength and good 
toughness and be physically and chemically compatible with the materials to be bonded. They 
must not degrade in the space environment and not be harmful or dangerous for the crew or for 
the spacecraft and fabric itself. They must be durable in high and low temperatures, thermal 
cycling, radiation, atomic oxygen exposure, they should not be flammable and present low 
outgassing in vacuum [1]. As part of an ongoing project to assess more environmentally friendly 
pretreatments for spacecraft use [2] [3], an initial investigation has been made of the manner in 
which a conventional Cr(VI) conversion coating interacts with a bare (unclad) aluminium alloy 
and the subsequent failure mode that occurs when such substrates are bonded using a 
commercially available paste adhesive. 
. 
In this paper we report a scanning Auger microscopy and EDX investigation of the surface 
characteristics of an aluminium alloy treated with Alodine 1200 chromate conversion coating.  
The failure mode of adhesively bonded pretreated 6000 series Al alloy with a commercial epoxy 
adhesive has then been investigated by XPS to establish the exact locus of failure.  The Al alloy 
substrates were treated with Alodine 1200, a chromate conversion coating.  Lap shear joints were 
assembled using a two-part structural adhesive approved for aerospace applications [1]. 
 
This work is carried out as part of a wider investigation into the selection and mode of action of 
Cr(VI) free pretreatments suitable for aerospace applications.  In particular there is an interest in 
the manner in which the conversion coating deposits in, and around, the intermetallic precipitates 
in the aluminium alloy. 
 
 
 
2. EXPERIMENTAL 
 
A sample of 2219 Al alloy was treated with Alodine 1200 in accordance with the manufacturers’ 
recommendations.  Two pieces of  a 6000 series Al alloy were treated with Alodine 1200, then 
they were bonded together with Araldite AV 138M cured with hardener HV 998, both from 
Huntsman Speciality Chemicals in the form of a lap shear configuration.  Following 
environmental exposure this joint was tested in the usual way to provide failure surface suitable 
for surface analysis. 
 
Scanning Auger microscopy was performed in a Thermo Scientific MICROLAB 350 microscope 
fitted with an integral EDX detector (Thermo Fisher Scientific NORAN System Six).  This 
enabled Auger electron and EDX spectra and images to be acquired from the same regions of the 
sample without the need to relocate the specimen.  The beam energy of 10kV was used for the 
acquisition of Auger data and 15kV for the EDX spectra and maps.  The AES survey spectra (30 
-1700 eV) were recorded with a retard ratio of 4 (1eV channel width), whilst a retard ratio of 2.8 
was used for SAM, the topographic effects were minimised by mapping the ratio (P-B)/(P+B) of 
each transition, where P is the Auger peak intensity and B is the background intensity. 
   XPS measurements were performed using a modified V G Scientific ESCALAB Mk II, 
equipped with a Thermo Alpha 110 electron energy analyser and a Thermo XR3 digital X-ray 
source.  Al Kα X-rays at 340 W power and the take off angle of  45° were used, for the XPS 
survey spectra a pass energy of 100 eV (channel width of 1 eV) was emplyed and for the high 
resolution spectra a pass energy of 20 eV (channel width of 0.1). The unfunctionalised C1s peak 
was set at a binding energy of 285.0 eV (aliphatic carbon), was taken as reference to correct for 
any electrostatic charging.  Thermo Avantage datasystems were used for the acquisition and 
processing of XPS, AES and SAM data. 
 
The pretreated aluminium samples were prepared by carefully cutting from a larger sheet and 
mounting for Auger/EDX analysis using sample mounts with clips for sample location.  For XPS 
analysis adhesive tape was used to secure samples approximately 1 x 1 cm2 cut from the lap 
shear failure specimens on similar stubs.  In the case of the failure surface that comprised of a 
thick layer of adhesive the surface was carefully scrapped following the first XPS analysis to 
remove the surface layers. 
 
 
3. RESULTS AND DISCUSSION 
 
Characterization of Alodine 1200 treated Al alloy 
The XPS survey spectrum show the expected photoelectron peaks; C1s, N1s, O1s, Fe2p, Cr2p. 
The background shape suggested that the surface was covered by a thin layer of carbon 
contamination, but also that oxygen and nitrogen were in the surface phase.  The oxygen peak 
has a binding energy of  ca. 531.5 eV, which corresponds to an oxide.  The high resolution 
Cr2p3/2 was curve fitted following subtraction of a Shirley background, which reveals the 
presence of two Cr2p3 components at 577.2 and 579.2 eV, Figure 1.  These components are 
assigned to the chemical states Cr+6 and Cr+3, with a +6/+3 ratio of 0.52. This suggests that the 
conversion coating is a mixture of chromate (or possibly CrO3) and Cr2O3 [4] [5]. 
 
The nitrogen peak was at a 397.8 eV, which corresponds to cyanide species, the surface 
concentration, at 10.2 at%, is a residue from the Alodine pretreatment which is known to contain 
potassium ferricyanide, (K3Fe[CN]6) as  10-30% of the solution concentration [6].  The iron is 
also a residue from the pretreatment solution (as the bulk concentration of iron in the alloy is 
very low at 0.3%) but with a Fe2p3/2 binding energy of 708.4 eV the iron corresponds to the 
reduced species of potassium ferrocyanide, (K4Fe[CN]6). Potassium ferricyanide is known as a 
strong oxidizing agent, therefore, at some point of the coating process, the trivalent iron has been 
reduced to Fe2+. 
 
Figure 2 shows an SEM image of the surface of the conversion coating at a magnifications of 
X7000. The surface appeared to have a fairly homogeneous smooth background with cracks all 
over the area, the intermetallic particles are of irregular shape, either singly or grouped in 
clusters, and are generally a few micrometers in size.  AES spectra were recorded in different 
areas of the surface by point analysis or scanning an area of few square micrometers.  The results 
highlighted the presence of chromium and oxygen in the background surface. The intermetallic 
particles revealed the presence of  copper (CuLMM), small quantities of Aluminium (AlKLL). 
Traces of iron (FeLMM) and nitrogen (NKLL) were detected in all positions across the field of 
view of Figure 2.  
 
A SAM analysis showed the distribution of the elements more clearly. An area of approximately 
16 x 16 µm2 was selected and scanning Auger images (P-B/P+B) were produced of the following 
elements: oxygen, carbon, chromium, aluminium and copper. The chosen area showed an 
intermetallic particle pair within the upper left of the field of view as shown in the SAM and 
SEM images of Figure 3. A short (5 second) sputter etch using 2kV argon ions (Thermo EX05) 
was performed in order to reduce the level of carbon contamination.  These maps confirmed that 
the inclusion pair are rich in Al and Cu compared with the cracked conversion coating 
background which was enhanced in oxygen and chromium.  EDX maps, which of course have a 
much larger sampling depth at ca. 1µm cf 5nm for SAM, confirm this observation on a different 
inclusion as shown in Figure 4.  The inclusion itself is rich in copper whilst depleted in other 
cations.  The chromium concentration is low on the inclusion but significant on the surrounding 
conversion coating indicating a significant thickness of deposit.  At the cracks in the coating the 
chromium is depleted and aluminium enhanced indicating that the cracking of the conversion 
coating penetrates to very close to the metal/coating interface an observation that can be made, 
although less confidently, from the Al Auger map of Figure 3. 
 
By combining the SAM and EDX images it is possible to deduce the distribution of the 
conversion coating as a function of alloy microstructure.  The conversion coating is uniform over 
the alloy matrix (and XPS indicates is a mixture of  Cr(III) and Cr(VI) species), cracking occurs 
at, or shortly after, the completion of the pretreatment process to expose the aluminium substrate.  
On the intermetallic inclusion the chromium concentration is much lower, the implication being 
that the conversion coating is not efficiently applied on the inclusion groups.  The oxidising 
agent has an important role to play in the deposition process and is itself reduced to the 
potassium ferrocyanide form some of which is incorporated into the deposit. 
 
Lap shear joints 
The lap shear joint failure surfaces could be identified, visually, as covered with adhesives 
residues and areas that appeared to present a clean metal surface.  By visual inspection of the 
complementary surfaces it was clear the failure would mainly be classified as interfacial, with 
some areas of cohesive failure within the adhesive.  The aim of the surface analyses was to 
establish if, in the regions of apparent interfacial failure, this was, indeed, the case.  
 
The XPS analysis of the regions of metal interfacial failure established the presence of C1s, O1s, 
N1s, Na1s, Si2p and smaller peaks of Ba3d, S2p and Al2p. The areas of the peaks were 
evaluated with a Shirley background subtraction and the surface concentrations of the elements 
present were obtained using Wagner sensitivity factors. The surface composition was then 75.0% 
carbon, 17.0% oxygen, 2.9% nitrogen, 2.7% silicon, 1.7% sodium, 0.3% aluminium, 0.2% 
sulphur, 0.1% barium (all atomic %).  The S2p peak had a binding energy of 170.1 eV, which is 
assigned to the SO42- species.  The sulphate has the barium as the counter ion. BaSO4 (known as 
bayrtes in the chemical industry) and is an extender pigment often used in epoxy-based and other 
paints and adhesives.  As such this provides a invaluable marker of the organic phase.  Carbon, 
oxygen and nitrogen are predominantly from, the epoxy adhesive or from contamination. Silicon 
is from contamination, the Si2p binding energy is indicative of an organic silicon and ToF-SIMS 
analysis confirmed that it was in the form of poly(dimethyl siloxane) (PDMS).  A small Al2p 
peak was present (showing both Al0 and Al3+ components), probably due to small regions where 
the Alodine pretreatment has spalled from the metal substrate.  The absence of chromium 
indicated that the failure was not at the epoxy-Alodine interface.  
 
The spectra from the area with the adhesive residues showed the same elements and 
approximately the same concentrations, but with an increased amount of barium. . The surface 
composition was 69.3% carbon, 21.5% oxygen, 3.8% nitrogen, 3.6% silicon, 0.6% sulphur, 0.5% 
barium, 0.4% aluminium, 0.3% sodium.  The spectra from the thick adhesive area showed the 
same elements (with the exception of aluminium) and the same distribution of the area with 
residuals. The surface composition was 71.3% carbon, 19.2% oxygen, 3.0% nitrogen, 3.1% 
silicon, 2.4% sodium, 0.3% barium, 0.7% sulphur.  In both cases ToF-SIMS confirmed the 
source of the silicon as being PDMS indicating a significant amount of this material associated 
with the failure surfaces.  It is anticipated that this is associated with storage and subsequent 
contamination following mechanical testing. 
 
The sample of this adhesive was then scraped with a scalpel, in order to analyze the bulk of the 
adhesive. Figure 5 is a comparison between the survey of the sample before scraping (bottom) 
and after scraping (top). The XPS spectra showed the photoelectron peaks of C1s, O1s, N1s, 
Ba3d, S2p. The atomic composition changed significantly. The surface composition was 68.2% 
carbon, 23.0% oxygen, 3.4% nitrogen, 2.6% barium, 2.0% sulphur.  After scraping the surface 
was free of any contamination , hence the carbon, oxygen and nitrogen are from the epoxy 
adhesive. The sodium, silicon and aluminium are all below the detection limit of XPS (better 
than 0.1 at%).   
 
The locus of failure can be clearly defined by the XPS spectra as the Cr2p signal provides a 
useful diagnostic of the metal substrate whilst the blanc fixe (BaSO4) included in the formulation 
of the adhesive provides a useful forensic maker for the organic phase.  All failure surfaces are 
characterised by a significant concentration of Ba which is indicative of a cohesive failure in the 
adhesive layer.  The fracture path moves from close to one interface to the other side of the glue 
line but the analyses themselves are remarkably similar indicating that failure is occurring in the 
bulk of the epoxy adhesive.   Although the Ba3d (and other characteristic peaks) are very clear in 
all XPS survey spectra inspection of the background associated with these peaks, and also 
comparison with a skived sample of epoxy, indicates that the blanc fixe pigmentation is always 
covered with a vanishingly thin layer of the epoxy.  This indicates that although failure occurs 
within the bulk of the adhesive the bond between pigmentation and epoxy resin is not 
compromised during durability testing. 
 
4. CONCLUSION 
 
This work has indicated the deposition of a commercial chromate conversion coating onto a bare 
aluminium alloy generates a deposit that is cracked and heterogeneous.  Such heterogeneity is 
associated with the microstructure of the base alloy and, in particular, deposition on intermetallic 
precipitates is significantly reduced compared to aluminium rich matrix.   It is likely that 
adhesion of an organic phase will not be as efficacious in such regions. 
 
The failure of a lap shear joint assembled from a substrate of 6XXX alloy treated with the same 
chromate conversion coating is essentially cohesive in the adhesive phase with the locus of 
failure moving between the environs of the substrate/adhesive on either sign of the glue line.  
There is no evidence of Cr compounds in the failure analysis indicating that the chromate treated 
substrate is always covered with a layer of adhesive thicker than the analysis depth of XPS (> 10 
nm).  BaSO4 extender in the adhesive is always covered by a thin layer of organic phase 
indicating that the extender/epoxy bond has not been compromised in testing.  Scraping the 
surface removes this layer and increases the surface concentration of the extender, as the epoxy 
is removed. 
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FIGURES 
Figure 1: Chromium 2p 3/2 curve fitting 
Figure 2: SEM image of an intermetallic particle on an Al alloy sample treated with 
Alodine 1200 
Figure 3: SAM maps of O, C, Cr, Al, Cu, compared with the SEM image 
Figure 4: EDX maps of Al, Cr, Cu, compared with the SEM image 
Figure 5: Comparison of survey spectra before (bottom) and after (top) scraping the 
sample. 
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Figure 1: Chromium 2p 3/2 curve fitting 
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Figure 2: SEM image of an intermetallic particle on an Al alloy sample treated with 
Alodine 1200 
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Figure 3: SAM maps of O, C, Cr, Al, Cu, compared with the SEM image 
 
  
Figure 4: EDX maps of Al, Cr, Cu, compared with the SEM image 
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Figure 5: Comparison of survey spectra before (bottom) and after (top) scraping the 
sample. 
 
 
 
